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Abstract
When talking about a large batch production of a certain mechanical product it generally comes along with speciﬁc requirements in terms of di-
mensional management to guarantee a consistently high product quality ensuring that customer requirements are met. Therefore, this contribution
is about the eﬀect that the elasticity of the observed assembly has on the formation of the limiting positions of the considered key product charac-
teristics arising from tolerance analysis. On the example of an automotive door assembly a developed approach based on existing methodologies
is explained in detail containing CAT and FEM simulations.
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1. Introduction
Nowadays, Dimensional Management is becoming one of
the most challenging aspects of engineering. Especially, if a
product is designed for large-batch production, speciﬁc require-
ments need to be fulﬁlled in order to ensure a faultless manu-
facturing process. Therefore, ”intelligent computer aided toler-
ancing (CAT) approaches are increasingly in demand in indus-
trial applications”, [7]. When one thinks about tolerancing of
product features it quickly becomes clear that component de-
viations have a major inﬂuence on the robustness of that cer-
tain product. Ensuring this ”is one of the pivotal tasks during
product development e.g. in automotive industry”, [20]. In or-
der to meet direct and indirect customer requirements a robust
design methodology is indispensable in all phases of the manu-
facturing process to ensure that components and products are
robust to corresponding process variations, see [5], [19], [22].
Talking about robustness this term mostly implies the use of
virtual and statistical methods in the early design stages. The
application of simulation tools can be the key for an early de-
tection of interactions between contributors that have a signiﬁ-
cant inﬂuence on the considered Key Product Characteristics
(KPCs), see [3], [4], [17]. Therefore it is essential to know cou-
pling approaches that can deal with these interactions in order
to make an overall valid system simulation possible. Further-
more, a suitable experiment to validate these simulations needs
to be designed and performed.
The following piece of work deals with the topic of virtual
coupling concepts for overall system simulations, identifying
the eﬀect of compliant systems on geometric deviations, which
include how simulations can be coupled to cover these eﬀects.
As a practical demonstrator an automotive door assembly is
examined. For this system it must be ensured that all customer-
relevant functional requirements will be fulﬁlled perfectly (e.g.
tightness against the permeation of dust or humidity, handling
comfort, opening and closing forces, ...). These are decisively
inﬂuenced by the characteristics of the multi-layer sealing
system, the structural stiﬀness and the tolerance situation taking
place along the sealing gap.
First, state-of-the-art approaches will be introduced includ-
ing their qualitative (dis-)advatages. On the one hand, based on
these approaches, coupling concepts for overall system simula-
tions arise. On the other hand, a complementary approach will
be introduced. A case study using the demonstrator is meant
to compare the results based on selected KPCs. In terms of
this comparison the advantages and drawbacks of all individual
approaches will be shown.
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Nomenclature
CAT Computer Aided Tolerancing
DoE Design of Experiments
FEM Finite Element Method
KPC Key Product Characteristic
LHS Latin Hypercube Sampling
LSL Lower Speciﬁcation Limit
MCS Monte-Carlo-Simulation
MIC Method of Inﬂuence Coeﬃcients
RSM Response Surface Method
RSS Root-Sum-Square method
SOVAStream-Of-Variation-Analysis
USL Upper Speciﬁcation Limit
h frequency of occurrence
s estimated standard deviation
x¯ estimated mean
2. State-of-the-art tolerance calculations taking into ac-
count elastic eﬀects
The following chapter gives a brief overview on existing ap-
proaches with regard to the coupling of function-oriented rigid
tolerancing results with corresponding geometric deformations
arising from FEM simulations.
2.1. Approach 1: STA-DEF (by L. Markvoort)
In [16] an approach named ”STA-DEF” is introduced by
L. Markvoort, see Fig. 1. This process is devided in two mod-
ules, namely: STA (Statistical Tolerance Analysis) and DEF
(DEFormation analysis). The statistical tolerance analysis is
based on a Monte-Carlo-Simulation (MCS), the deformation
analysis is the result of a complying FEM simulation. This ap-
proach, though, is an iterative process, which does not have a
deﬁned cancellation criterion such as a convergence criterion
comparing diﬀerences between input and output data. There-
fore, the rapidly growing computing eﬀort to increase the ac-
curacy of the result is pointed out as an argument to limit the
number of required iteration loops both manually or as a conse-
quence of empirical speciﬁcations.
Installation 
conditions
and assembly
sequence
CAD model
loads
material data
INPUT
Statistical 
Tolerance Analysis
STA
DEFormation
analysis
DEF
OUTPUTS
STA-DEF
Deformation distribution
information
Fig. 1. STA-DEF model as described in [21]; based on [16]
2.2. Approach 2: Method of Inﬂuence Coeﬃcients (MIC by
S.C. Liu & S.J. Hu)
Following [13], traditonal methods like the Root-Sum-
Square method (RSS) or state-of-the-art tolerance analysis tools
like 3DCS Analyst (3DCS) or VisVSA are not suﬃcient to in-
volve the eﬀect of elasticity of a system when executing vari-
ation analysis in the course of tolerancing. Against this back-
ground, the method of inﬂuence coeﬃcients is proposed. This
method attempts to ﬁnd a linear connection between single part
deviations and the compressive behaviour of the whole assem-
bly group. The aim here is both to reduce a wide variety of
FEM-simulations and therefore to improve computational eﬃ-
ciency. This is done by identifying a sensitivity matrix on the
basis of a ﬁnite element analysis, which in turn will be used
in the following tolerance simulation. Using this approach, the
computational eﬃciency is signiﬁcantly increasing in the range
of several orders of magnitude.
2.3. Approach 3: Stream-Of-Variation-Analysis (SOVA by
J. Camelio & S.J. Hu & D. Ceglarek)
The method of inﬂuence coeﬃcients, mentioned in
subsection 2.2, is pursued further within the stream-of-
variation-analysis-approach by means of expanding it to multi-
station systems, see [1], [2], [3]. In addition, the geometrical
covariances, meaning the interdependencies between adjacent
points on individual parts, will be taken into consideration. Us-
ing a principal components analysis, deviation pattern can be
identiﬁed which leads to a reduction of variables for the respec-
tive problem, [21]. Considering this it becomes clear that the
expansion / widening of the limiting positions (see [7]) of se-
lected key product characteristics of the considered product as
a consequence of the manufacturing process is examined. On
the one hand, it is then possible to analyse individual inﬂuences
arising from the mounting sequence on the question of whether
the geometric tolerance speciﬁcations for the overall assembly
can be achived or not. On the other hand it is therefore pos-
sible to do a contributor analysis regarding the corresponding
deviations for each an every key product characteristic.
2.4. Other approaches and further information
More detailed information regarding coupling concepts and
their respective (dis-)advantages can be found in the works of
L. Markvoort [16], A. Stockinger [21], R. Lustig [14] and
K. Waermefjord [24]. In addition, other approaches are in-
troduced within these publications to reduce computing time,
for example through using the taylor expansion (see [25]) or a
sequential, system independent analysis (see [14]) or an auto-
mated contact detection in order to improve the goodness of the
predictions concerning related deformations (see [24]). Fur-
thermore, the work of B. Lindau can be mentioned. One the
one hand, this deals with forming simulations in the early de-
velopment phases in order to achive a high predictive accuracy
of the geometrical shape of non-rigid sheet metal panels that
are assembled into car bodies. Therefore, overall virtual assem-
bly simulations can then be carried out ”to study the eﬀects of
the part variation when assembled, producing a sub-assembly”,
see [11]. On the other hand, testing procedures are introduced
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to verify the use of the method of inﬂuence coeﬃcients in this
context, see [12].
3. Simulation approach for tolerance calculations taking
into account non-linear eﬀects
3.1. Presentation of existing and developed approaches
Based on the current state-of-the-art know-how it can be de-
rived that diﬀerent basic strategies exist, able to couple the re-
sults from several simulations. There is a distinction to be made
whether if this coupling is performed using statistical moments,
such as estimated mean and standard deviation, or superposition
of simulation data or through direct integration of the simula-
tion methods. Due to the fact that direct source code adjust-
ments are not an option and the simulation eﬀort will increase
dramaticly using the Monte-Carlo-method as a state-of-the-art
tool in tolerance management, the latter mentioned method will
not be used. Hence, the basic strategies shown in Fig. 2 can be
derived. It may be added that a MIC (see [21]) is not applicable
as a result of geometrical as well as material-related and contact
conditions of the observed automotive door assembly.
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Fig. 2. Approaches for coupling of statistical simulations
Overall, the presented approaches have one thing in common
- they are founded on a basic process that considers interac-
tions between geometrical deviations and system stiﬀness, see
Fig. 3. This means, the anticipated limiting positions are calcu-
lated from a statistical consideration of the rigid overall system.
As a result from these simulations, the limiting positions for all
functionally relevant KPCs can be determined.
Due to a transformation, all information concerning the lim-
iting positions of the alignment points can be converted clearly
to displacement boundary conditions (translation and rotation)
needed for FEM simulations. Derived speciﬁcations for the
limiting positions occur. These speciﬁcations are varied in ac-
cordance with typical FEM input parameters, such as Shore
hardness of the sealing system, elastic modulus of the involved
parts and friction coeﬃcient to model the process of door clos-
ing. This means, a set of parameters appears containing derived
limiting positions and stiﬀness aﬀecting parameters.
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Fig. 3. Basic process taking into consideration interactions between geometri-
cal deviations and system stiﬀness
In order to minimize the number of required FEM simulation
runs, a statistical Design of Experiments (DoE) is performed,
see [9]. Investigated and applicable methods are ”D-Optimal
Designs” as well as ”Latin Hypercube Sampling” (LHS). Using
a DoE, simulation parameters and limiting position information
provide guidelines for proper simulation runs.
Within the FEM simulations, the assemblies side frame,
door, sealing system as well as other stiﬀness-relevant parts / as-
semblies are taken into account. Additionally, when mounting
the primary or secondary sealing to the door or to the sideframe,
sealing system-related adjustment concepts are implemented in
the course of an assembly simulation in the course of the non-
linear FEM simulations.
Finally, a set of input and output parameters (input & output
matrix) arises, that characterize the system behavior in terms of
stiﬀnesses, sealing characteristics and limiting positions. These
ﬁndigs are processed through the following three approaches in
order to ﬁnd a statistical overall statement.
Approach A: Estimated Mean Shift
In comparison with a rigid CAT simulation, this approach
enables the user to calculate an overall distribution with a mean
shift for every KPC. This can be achieved through an arithmetic
superposition of the averages in combination with the maxi-
mum statistical variance coming from tolerance and FEM sim-
ulation. The outcome is a substitue distribution that is described
as a function of the parameters average and variance. This ap-
proach is based on the hypothesis that the elastic deformation is
not increasing or decreasing the variation in comparison to the
result of the rigid system simulation.
Approach B: Statistical Moments
Performing a statistical superposition of the mean values as
well as of the variances, using the Root-Sum-Square method
(see [8]), an overall distribution with a mean shift can be cal-
culated within this approch. Analogue to Approach A the out-
come is a substitue distribution that is described as a function of
the parameters average and variance. This approach is based on
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the hypothesis that the elastic deformation causes an increase
of the variance compared to the rigid system. Using the RSS
method, this increase becomes a contributor of the statistical
calculation of the KPC if it is ensured that it acts as an indepen-
dend contributor (law of error propagation, see [15]).
Approach C: Direct Source Superposition
If the outcome both from CAT and FEM simulations is avail-
able as directly allocatable data series, a direct numerical super-
position of the source data can be performed. As a ﬁrst result
of the direct allocation of the linked data series, a distribution is
generated (e.g. visualized by a histogram). It is characterized
by a mean shift and a variance that can increase or decrease
compared to the rigid system. Second, this overall distribution
can be described generally as a function of the parameters av-
erage, variance, skewness and kurtosis. Compared to the rigid
system, this approach is based on the hypothesis that the elastic
deformation is not interacting too strong with the deviation sit-
uation, which in turn would mean that the outcomes of the CAT
simulations (geometrical states) are wrong. Hence, this would
be a problem due to the fact that the input for the FEM sim-
ulations are generated on the basis of the corresponding CAT
simulations.
Proceeding in this way, a few hundred input data sets are
calculated leading to the same amount of output data sets. Con-
sequently, a relatively small and statistically less reliable output
scope results. To increase the statistical signiﬁcance of the re-
sults, the following procedure can now be used: Since a DoE
is performed the system behavior can be described at discrete
points inside an n-dimensional space of input and output param-
eters. The experimental design comes along with a positve fea-
ture: A homogeneous space of grid point occurs, which allows
to generate an interpolation between these grid point using sub-
stitute functions. This method is known as Response Surface
Method (RSM). Therefore, the outcome is a descriptive substi-
tute function that represents the overall system behavior. This
function enables the user to extract the requested result distri-
butions depending on the respective input data sets. If the CAT
simulations are repeated accordingly, the results at the KPCs
can be corrected online. It yields an overall result distribution
which can be described as a function of the parameters average,
variance, skewness and kurtosis. Therefore it has a potentially
higher siginiﬁcance than the ﬁrst two approaches.
3.2. Qualitative comparison of the approaches
From a scientiﬁc perspective, the approaches can already be
evaluated qualitatively on the basis of their speciﬁc character-
istics. Table 1 shows this comparison between these three ap-
proaches.
In general, there is a trade oﬀ between numerical simulation
eﬀort and quality of the result distribution. Therefore, all of
these approaches have their place, whether they are simple ap-
proaches that are still more precise than a rigid CAT simulation
or more complex approaches like integrative DoE aproaches al-
lowing highest precision by simultaneously increased simula-
tion eﬀort.
Table 1. Qualitative (dis-)advantages of the approaches
Advantages Disadvantages
Approach A: + numerically - correlations will
Estimated Mean Shift less expensive not be preserved
+ rapid superposing - no predications
of the results about statistical
+ low FEM eﬀort variations from
(only a few simula- FEM simulation
tions necessary;
Conﬁdence interval
for the mean)
Approach B: + numerically - correlations will
Statistical Moments less expensive not be preserved
+ rapid superposing - form of the result
of the results distribution
o medium FEM eﬀort
(Conﬁdence interval
for the standard
deviation)
Approach C: + correlations and - numerically
Direct Source result distributions expensive
Superposition will be preserved - high consistency
+ simple, direct requirements
numerical super- on DoE
position of the - RSM model has a
source data signiﬁcant eﬀect
on the result
4. Case Study
4.1. System description and input variables
The environment of an automotive door assembly is chosen
to be the demonstrator. In particular, the main components that
belong to this assembly are the side frame, the multi-layer seal-
ing system and the door as well as some other attachment and
trim parts, see Fig. 4.
ܼ
ܻܺ
side frame
door
multi-layer
sealing system
Fig. 4. Schematic representation of the demonstrator
In order to ﬁnd the limiting positions (statistically largest de-
viations from the nominal dimensions that can occur, see [10],
[6]) for every KPC, the approach applied is shown in this chap-
ter. This one is based on a tolerance simulation while excluding
any kind of elastic system behavior. Afterwards, taking into
account FEM simulations will bridge this gap.
The tolerance simulation considers deviations and displace-
ments arising from all contributors as well as their related ad-
justment concepts and mounting sequences. As mentioned be-
fore, the ”limiting positions (...) are not only founded on di-
mensional deviations arising from the rigid body in white, but
from the door sealing system inﬂuences with its geometric de-
viations, stiﬀness conditions and corresponding reaction forces
as well. Additionally, the elasticity of all parts, the process of
closing and some other factors also have an impact on these
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positions”, [7]. Within corresponding FEM simulations these
eﬀects have to be included to improve the statements about the
limiting positions. To reduce the number of time-consuming
and expensive simulation runs, a statistical experimental de-
sign, based on rigid tolerance calculations, is set up. Among
other things, this experimental design serves as an input for the
FEM simulations.
4.2. Reference simulation: tolerance simulation without con-
sideration for elastic eﬀects
As said in subsection 4.1, the tolerance simulation takes into
consideration deviations and displacements as well as related
adjustment concepts and mounting sequences in order to deter-
mine statistic distributions for all KPCs, [7].
In the present example, the manufacturing process for the
considered automotive door assembly is modeled within a tol-
erance simulation using the state-of-the-art way, [6]. In order to
build the overall assembly according to speciﬁcation, it needs
to be ensured that the door is aligned accurately with respect
to the sideframe. For this purpose the door is positioned on a
workpiece carrier with regard to its speciﬁc alignment concept.
The workpiece carrier itself is positioned along the side frame
using adjustment points on the side frame afterwards. Due to
the fact that these mounting process steps come along with cor-
responding mounting tolerances, it is now the aim to minimize
them before connecting side frame and door via hinges. There-
fore a so-called ’BestFit-Move’ is realised. This move corrects
the relative position between side frame and door in the best
possible way using laser measurement technology when build-
ing the real assembly in the plant. Subsequently, the relevant
KPCs as well as their corresponding measurements are going to
be assigned. The manufacturing process is carried out 10′000
times leading to an equal number of measured values for every
vectorial KPC. These values result in probability distribution
functions from which the Lower / Upper Speciﬁcation Limit
(LSL / USL) can be derived. Inside this simulation all deﬁned
geometric deviations and displacements will be varied within
their respective tolerance speciﬁcations using a MCS, see [18]
and [23].
Fig. 5 shows possible probability distribution functions on
10 chosen KPCs as a result of the rigid tolerance simulation
that in turn represents the manufacturing process.
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Fig. 5. Possible probability distribution functions on chosen KPCs as a result
of the rigid tolerance simulation
4.3. Design of Experiments: Link between CAT and FEM
In order to keep the simulation eﬀort low whilst keeping the
accuracy of the results high a statistical DoE is used for the
present case. The procedure is as follows: Based on the tol-
erance simulation outcome a covariance matrix can be derived
that includes all observed KPCs. From this symmetrical ma-
trix the 20 biggest interactions (likely or contrary) between all
KPCs will be chosen. These interactions as well as those six
KPCs that are supposed to reduce the six degrees of freedom
(with reference to the six alignment points) are then entered
in the preparation of the D-Optimal experimental design. This
resulting experimental design will be assigned to every of the
three approaches / coupling concepts A, B and C. The ﬁndings
will be shown in the following subsection 4.4
4.4. Quantitative comparison of the approaches
On the right hand side of Fig. 6, the comparison of the re-
sults (estimated mean, standard deviation, resulting distribu-
tion) between the three approaches can be seen using the ex-
ample of one selected KPC. The two subﬁgures shown on the
left hand side show the probability distribution functions (CAT
& FEM) based on their respective simulations. These are the
variables to be coupled. The results for ’estimated mean’ (solid
line) and ’standard deviation’ (dashed line) according to the in-
dividual approach can be seen on the right hand side of Fig. 6.
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Fig. 6. Comparison of the results between the three approaches
Whilst there are no diﬀerences for the estimated mean com-
paring approaches A and B a diﬀerence can be observed when
comparing the standard deviations. It appears that there is an
increased value for the standard deviation in approach B (statis-
tical superposition) due to the eﬀect of error propagation. This
leads in turn to an expansion / widening of the limiting posi-
tions. In contrast, on the one hand, approach C shows a com-
paratively value result for the standard deviation. On the other
hand, it becomes clear that there is a signiﬁcant mean shift. In
addition, one can recognize that there is a more precisely char-
acterised result distribution. In order to maintain or improve
the quality of result distribution a larger experimental design
would be necessary. This, however, is often counter to the aim
of minimising the number of attempts as well as reducing cost-
intensive simulation runs.
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5. Summary of results and conclusion
This paper deals with the question of interface issues
between a tolerance simulation (rigid system behavior) and
a corresponding numeric simulation (elastic system behav-
ior). Within this publication the goal is twofold; one goal
is to introduce existing coupling approaches including their
(dis-)advantages that enable the user to perform overall system
simulations. The second goal is to point out a complemen-
tary approach. Furthermore, within the scope of a case study
(demonstrator: automotive door assembly), the procedure de-
scribed is applied. As initially expected, the results of this
case study show diﬀerent characteristics with reference to the
attributes examined, which are estimated mean, standard devi-
ation, skewness and kurtosis.
Approach C has been identiﬁed to be the most promising ap-
proach due to two abilities. On the one hand, this approach is
able to perform a direct numerical superposition of the source
data. On the other hand, this one keeps the form and charac-
teristics of the distribution for each and every KPC across the
simulation chain. At the same time, however, this is the most
cost-intensive and time consuming approach. A comparison
with the less-expensive approaches A and B shows that there
are signiﬁcant mean shifts due to elastic eﬀects arising from
their respective FEM simulations. However, they do not reach
the level of approach C. With regard to the variances it can be
stated that the hypothesis of a growing variance (approach B)
can be rejected due to the results achieved in approch C. This
is in line with the assumption that approach C stands for the
highest precision. When comparing the approaches A and C,
it is noticeable that the standard deviations diﬀer signiﬁcantly,
whereby the smaller standard deviation in approach C opens up
a huge potential for the sealing design / conﬁguration.
One substantial task in this context is the experimental vali-
dation. A comparison with experimental data as well as corre-
sponding explanations will be addressed in a future publication;
to ﬁnally select the most suitable approach.
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